When the relative fitness of male and female offspring varies with environmental conditions, evolutionary theory predicts that parents should adjust the sex of their offspring accordingly. Qualitative and even quantitative support for this prediction is striking in some taxa but much less convincing in others. Explaining such variation across taxa in the fit of sex ratio theory remains a major challenge. We use meta-analysis to test the role of two constraints in the evolution of sex ratios. Based on analysis of sex ratio skews in birds and wasps, we show that (i) mechanisms of sex determination do not necessarily constrain the evolution of sex ratio adjustment, and (ii) parental ability to predict their offsprings' environment influences the evolution of sex ratio patterns across taxa. More generally, our results show that multiple constraints may determine the precision of adaptation.
When the relative fitness of male and female offspring varies with environmental conditions, evolutionary theory predicts that parents should adjust the sex of their offspring accordingly. Qualitative and even quantitative support for this prediction is striking in some taxa but much less convincing in others. Explaining such variation across taxa in the fit of sex ratio theory remains a major challenge. We use meta-analysis to test the role of two constraints in the evolution of sex ratios. Based on analysis of sex ratio skews in birds and wasps, we show that (i) mechanisms of sex determination do not necessarily constrain the evolution of sex ratio adjustment, and (ii) parental ability to predict their offsprings' environment influences the evolution of sex ratio patterns across taxa. More generally, our results show that multiple constraints may determine the precision of adaptation.
Trivers and Willard (1) were the first to suggest that parents should adjust the sex of their offspring in response to environmental conditions. They envisaged a mammal population in which (i) females in better condition have more resources for reproduction and so produce higher quality offspring, and (ii) competition for mates among males is intense, with only the highest quality males being successful, so that sons benefit more from increased resources than do daughters. In this case, they predicted that high-condition females should produce sons, and lowcondition females should produce daughters. Although the extent to which data on mammals fit this prediction is disputed, the same logic has been applied with considerable success to explain and predict the adjustment of offspring sex ratios (the proportion that is male) across a wide range of organisms in response to a multitude of environmental factors (2) (3) (4) (5) .
In animals, the mechanism of sex determination is often suggested to be the major constraint determining the amount of adaptive sex ratio adjustment that is observed. Striking sex ratio adjustment is commonly seen in insects (ants, bees, and wasps) in which haplodiploid sex determination may give females precise control over the sex of their offspring according to whether they fertilize eggs (males develop from unfertilized eggs, and females develop from fertilized eggs) (2, 4) . Sex ratio adjustment is much less often seen in vertebrates with chromosomal (genetic) sex determination (CSD), perhaps because random meiosis would lead to a mean sex ratio of 0.5, with binomial variance around this mean, reducing the scope for sex ratio adjustment because of the need to sacrifice eggs or embryos (2, (6) (7) (8) (9) (10) .
Alternative explanations have been proposed to account for less striking sex ratio adjustment in vertebrates, such as multiple factors influencing sex ratio evolution, more complex life histories, or variation in the reliability with which offspring fitness can be predicted (environmental predictability) (5, (9) (10) (11) . In addition, recent studies of mammals, birds, and other taxa with CSD (frogs, lizards, snakes, and spiders) have reported striking shifts in offspring sex ratios in manners consistent with adaptation (5, (12) (13) (14) (15) (16) (17) (18) . Although these data suggest that sex ratios might not be completely constrained by CSD, other authors have suggested that there is no consistent pattern and that statistically significant cases may represent sampling error or publication bias (a tendency to publish only those studies reporting a positive or significant effect) (7, (19) (20) (21) (22) (23) .
Resolution of these differing points of view requires comparisons across taxa. Here, our aims are to (i) determine whether CSD prevents facultative sex ratio adjustment, and (ii) test the alternative prediction that the extent of sex ratio adjustment can be influenced by environmental predictability.
Do vertebrates with CSD show consistent sex ratio patterns? Previous studies examining broad-scale patterns of sex ratio variation in vertebrates have tended to focus on population sex ratios or sex ratio variance (7, 19, 22, 24) . However, if individuals are selected to adjust their offspring sex ratio facultatively, with some individuals producing sons and others daughters, then the overall population sex ratio is very difficult to predict (2, 3, 10, (25) (26) (27) . Consequently, examining population sex ratios is a poor test of individual adaptation, and it is not surprising that no consistent patterns have been found. The solution to this problem is, rather than considering population sex ratios, to examine the precision with which individuals facultatively adjust offspring sex ratios. We do this by using meta-analytic techniques, in which a standard measure of statistical effect size from each study (the correlation coefficient r) is used as the response variable in comparative analyses (28, 29) . By carrying out analyses with effect size obtained from different studies as the response variable, we can test whether sex ratios are consistently adjusted in the direction predicted and compare the relative precision of sex ratio manipulation across groups or taxa.
A second problem is that not all studies are equally suitable for an analysis of this kind. For most studies on sex ratio variation in birds and mammals, the expected sex ratio shift depends on life history details that are not known and thus cannot be predicted a priori (30). We avoid this problem by restricting our meta-analysis to cases in which there is a clear theoretical prediction as to the direction of an effect. In birds and mammals, this reduces to only two situations. First, females are predicted to adjust their sex ratio in response to mate attractiveness, producing more sons when mated to an attractive male (31-33). This is predicted because males show greater variation in reproductive success than females (34), and so sons stand to benefit more from having a high-quality father. Second, in cooperatively breeding species where one sex helps (in the rearing of subsequent offspring) more than the other, it is predicted that when an individual (or group) lacks helping individuals, they should bias their offspring sex ratio toward the sex that provides greater levels of help (13, 26, 35) .
We located published data from 11 studies of eight bird species testing the hypothesis that sex ratio should be adjusted to mate attractiveness, and we also found data from five studies of four bird species testing the hypothesis that sex ratio should be adjusted in response to helper status in cooperatively breeding species (36). In all cases, we assigned a positive value to the effect size (r) if the sex ratio shift was in the predicted direction and a negative value if it was in the opposite direction. We used standard metaanalytic procedures and relatively conservative (mixed model) statistical tests (37).
Overall, these studies show consistent facultative adjustment of offspring sex ratios by birds in the direction predicted by theory, with the average standardized effect size (r) being significantly greater than zero (Table  1) (Fig. 1 ). This result holds when using each study as an independent data point, when averaging to obtain only one data point from each species, when averaging to obtain only one data point from each family (to control for possible phylogenetic artifacts), or when considering each hypothesis (mate attractiveness and helper status) separately (Table 1 ). In addition, several analyses suggest that publication bias (22, 29) does not greatly affect the overall pattern identified here (38). We are aware of only one study of these patterns in a mammal: a study of sex ratios in relation to the presence of helpers in African wild dogs (36, 39). Adding this study gives an overall weighted mean effect size of r ϭ 0.289 at the level of studies [95% confidence interval (CI): 0.175 to 0.419; n ϭ 16 studies].
Overall, these results suggest that 3 to18% of the variance in sex ratio among families can be explained by facultative sex ratio adjustment where these two hypotheses apply. These effects are quite small, and power analysis shows that the sample size required to reject the null hypothesis with 80% certainty at P ϭ 0.05, with r ϭ 0.252 (the mean value for bird species) is 120. A sample size this large is rarely used in field studies of behavioral ecology [for example, in only 2 out of 17 of the studies on which our analyses are based ( Fig. 1 ) (36)], suggesting that the likelihood of type II error (failing to detect real effects) may be high in this field.
Environmental predictability and precision of sex ratio adaptation. The analyses above suggest that CSD does not necessarily prevent facultative sex ratio adjustment. Given this, we now focus on an alternative factor that has been suggested to explain variation in the extent of sex ratio adjustment: environmental predictability (2, 5, (9) (10) (11) . If environmental factors that cause differences in the reproductive value of males and females are difficult to predict, then strongly skewed sex ratios may in some cases lead to the overproduction of the sex with the lower reproductive value. Consequently, lower environmental predictability will lead to weaker selection for sex ratio adjustment.
We compared the extent of sex ratio adjustment shown in birds with that in parasitic wasps ( parasitoids). Parasitic wasps are insects whose larvae develop by feeding on the bodies of other arthropods. We compared data from parasitic wasps with data from birds because their haplodiploid sex determination should leave sex ratios unconstrained. They also offer an excellent opportunity for testing the importance of environmental predictability, because numerous data are available for a comparison in which the predictability of the environment will vary (36, 40). In many species in which only one individual can develop per host (termed solitary), females lay male eggs on small hosts and female eggs on large hosts. This is presumed to be advantageous because females gain a greater benefit from the resulting increase in body size than do males (4, 41) . In some species (idiobionts), females kill or paralyze the host at oviposition, and in such cases host size will be a reliable cue as to the resources that offspring will have available for development. However, in other species (koinobionts), the host is not killed by the female at oviposition, and so continues to grow, in which case host size at oviposition is a less reliable predictor of the resources that offspring will have available for development. This leads to the prediction that because environmental predictability is lower for koinobionts, they should exhibit less extreme facultative sex ratio variation (40).
Comparison of effect size (r) among the different groups of wasps (koinobiont and idiobiont) and birds (helper status or mate quality) revealed significant heterogeneity in effect size (Fig. 2) [between-group heterogeneity (Q B ) ϭ 10.01, df ϭ 3, P ϭ 0.009; using species mean values]. This heterogeneity was caused by the effect size in idiobiont wasps and birds in response to helper status being significantly higher than that in koinobiont wasps and birds in response to mate quality (Q B ϭ 9.93, df ϭ 1, P ϭ 0.001). Within these two groups, there were no significant differences when the following comparisons were made: idiobiont wasps versus birds in response to helper status (Q B ϭ 0.057, df ϭ 1, P ϭ 0.78) and koinobiont wasps versus birds in response to mate quality (Q B ϭ 0.084, df ϭ 1, P ϭ 0.75).
These results provide strong support for the importance of environmental predictability. As predicted, within parasitic wasps, we found that species in which the host was killed when an egg was laid (idiobionts) showed significantly greater sex ratio skews than did species in which the host was not A positive value of r corresponds to a sex ratio shift in the predicted direction and a negative value corresponds to a shift in the opposite direction. The different columns show the effect size for variation in offspring sex ratio for birds in response to mate quality, for birds in response to helper status, and for parasitic wasps that do (idiobionts) and do not (koinobionts) kill the host when an egg is laid in response to host size. Fig. 3 . Facultative sex ratio adjustment by parasitoid wasps in relation to life history. The effect size (r) is plotted against the sample size of the study (note log scale). A positive value of r corresponds to a sex ratio shift in the predicted direction (more females on larger hosts), and a negative value corresponds to the opposite direction. The different symbols represent species in which the host is (idiobionts, solid circles) and is not (koinobionts, open squares) killed when an egg is laid. Data were obtained from 65 studies on 56 parasitic wasp species (28 koinobiont and 28 idiobiont species) (36). Idiobionts show significantly higher mean effect sizes [studies as independent data points, Q B ϭ 6.08, P ϭ 0.005; species as independent data points, Q B ϭ 8.21, P ϭ 0.002; formal comparative analysis by the method of independent contrasts, n ϭ 6 independent contrasts, mean contrast in effect size ϭ -0.092 (95% CI: -0.014, -0.174; P ϭ 0.03)].
killed (koinobionts) ( Table 1) (Fig. 3) . Approximately four times as much variance in the offspring sex ratio is explained by host size in idiobionts (19% at the level of the species) as in koinobionts (5%). Among birds, the relevant environmental variables may be easier to assess in relation to helper status (number of helping offspring and territory quality) than in relation to mate quality. This may explain why the amount of sex ratio adjustment is greater in response to helper status (16% of the variance) than to mate quality (4%), although this difference is not significant if comparison is made on only the bird data (Q B ϭ 1.27, P ϭ 0.26).
Despite the different methodologies used, these data suggest that sex ratio shifts are not necessarily more extreme in haplodiploid species such as wasps than in species with CSD, such as birds. Hence, the mechanism of sex determination, and any constraint that this may place on sex ratio adaptation, is not sufficient to explain all variation in adaptation in sex ratio. Instead, it is necessary to consider and compare different categories within various taxa (such as idiobiont versus koiniobiont, helper status, or mate quality). Explaining how facultative sex ratio adjustment is achieved with CSD remains a major theoretical and empirical challenge (21) .
Precision of adaptation and a costbenefit approach. A single unifying framework, rather than concentration on specific potential constraints to adaptation, is required to explain variation in the extent to which different species adjust their offspring sex ratio. We suggest the use of a cost-benefit approach. Specifically, that facultative sex ratio variation will only be favored when the fitness benefits of this behavior are greater than its costs. In cases where facultative sex ratio variation is favored, it will evolve to a level where the benefits of any further (marginal) increase in the precision of sex ratio adjustment would be balanced by its cost. Consequently, the most extreme and precise sex ratio variation will be seen in species in which the fitness benefits of facultative sex ratio adjustment are high and the costs low. This approach allows for the possibility that the mechanism of sex determination will be important [for example, facultative sex ratio variation may be more costly with CSD (2, (8) (9) (10) 42) ] but that it is only one of a number of factors that must be taken into account. The benefit of facultative sex ratio variation will depend heavily on how much fitness gain is to be made from shifting offspring sex ratios, which will be influenced by the strength and form of selection involved (43, 44), and hence factors such as environmental predictability (45). More generally, understanding the relative importance of different potential constraints on adaptation remains one of the biggest problems for evolutionary biology (44). The extremely close fit that can be expected between the predictions of relatively simple theoretical models and empirical data means that the study of sex ratio patterns provides an excellent model for addressing this problem. 27. The population sex ratio depends on a range of factors that are rarely known, such as the details of male and female life histories, distribution of variation in maternal quality, the extent to which other behaviors (such as clutch size) are facultatively adjusted, and the form of the trade-off between current and future reproduction (3, 10, 25, 26, 36) . 28. The correlation coefficient obtained from a particular study provides an estimate of how precisely individuals adjust their offspring sex ratios. r ranges between Ϯ 1, with values close to 1 (or to -1) implying an extremely precise (low scatter) positive (or negative) shift in the offspring sex ratio in response to variation in the relevant environmental variable; a value of 0 represents no correlation. More specifically, r 2 from a particular study represents the proportion of variance in the offspring sex ratio that is explained by the explanatory variable. 29. R. Rosenthal, Meta-Analytic Procedures for Social Research (Sage Publications, Thousand Oaks, CA, 1991). 30. For example, consider Trivers and Willard's (1) prediction for mammals given in the main text. Theoretical modeling has shown that if there is strong mother-daughter transmission of condition, such as through inheritance of territories, then the optimum strategy may be for females in good condition to produce daughters (9) . Consequently, there is no clear prediction against which to test studies relating maternal condition to offspring sex ratio, in the absence of detailed case-by-case studies of the influence of maternal condition on the reproductive value of sons and daughters. Similarly, many studies of bird sex ratios report associations with variables such as maternal age, condition, or time within the breeding season (5). Although post-hoc explanations of these patterns can be offered, there is usually little evidence to support these explanations [for an exception see (18) (29, 36, 46) . We used mixed model analysis for the meta-analysis, because our underlying hypothesis was that effect sizes would vary among species. Mixed models are appropriate for meta-analyses of ecological data, in that mixed *P Ͻ 0.01. **P Ͻ 0.001. †X is the fail-safe number, which is the number of unpublished studies averaging zero effect size that would have to exist for the overall mean effect size to be not significantly different from zero, calculated following (29); values in bold are robust, under the criterion that a fail-safe number is robust when X Ͼ 5n ϩ 10.
‡Excluding the Seychelles warbler. models are more robust than fixed-effect models because they allow simultaneously for variation in effect sizes due to within-study sampling error and between-study variation in effect size (46) . Repeating analyses using fixed-effect models yielded similar conclusions, except that differences among categories were more likely to be judged significant and fail-safe numbers were much larger. 38. Several lines of evidence suggest that publication bias does not greatly affect the overall pattern identified here. First, scatter plots of effect size versus sample size (Figs. 1 and 3) do not show the pattern suggestive of selective reporting: a funnel with missing values for effect sizes close to zero with small sample sizes (22) . Second, the rank correlation between effect size and sample size (r bias ) for the bird studies was not significantly negative [Spearman rank correlation coefficient (r S ) ϭ -0.26, n ϭ 15 studies, P ϭ 0.32; when the Seychelles warbler was excluded, r S ϭ -0.39, n ϭ 14 studies, P ϭ 0.17], which would provide evidence for publication bias (22) . Third, very conservative tests were significant. Taking all bird studies, 13 out of 15 estimates (sign test: P ϭ 0.007, two-tailed), 10 out of 12 species means (sign test: P ϭ 0.039, two-tailed), and 8 out of 9 family means (sign test: P ϭ 0.039, two-tailed) showed positive effect sizes. Fourth, although transformed effect sizes for all studies did not show significant heterogeneity among studies ( 2 (14) ϭ 10.18, P ϭ 0.75), we also examined the data excluding the study of the Seychelles warblers (13), which had the largest effect size, and the largest sample size. Weighted mean effect size was still significantly greater than zero, when studies or species were considered to be independent ( Table 1) . Fifth, we calculated the number of unpublished studies averaging zero effect size that would have to exist for the overall mean effect size to be not significantly different from zero ( Table 1) . Interpretation of the meaning of a "fail-safe number" depends in part on subjective assessment of whether it is likely that so many unpublished studies exist (29); we consider it unlikely. A quantitative criterion is that a result should be regarded as robust if the fail-safe number, X, exceeds 5n ϩ 10, where n is the number of studies on which the meta-analyses were based (29). By this criterion, none of these results is robust ( , and more precise (lower variance) sex ratios in situations where selection for precise sex ratios (stabilizing selection) is greater (47); (ii) in species where the method of sex determination may impose a heavy constraint (such as CSD and pseudo-arrhenotoky in spiders, aphids, snakes, and mites), many cases of extreme (and precise) sex ratio variation occur when there is intense competition among brothers for mates (local mate competition) and strong selection for extremely female-biased sex ratios (such as 5% males) (12, 14, 48, 49) ; and (iii) environmental predictability could be important in explaining broad taxonomic patterns, because in many cases it would seem likely to be easier for insects such as parasitic wasps to assess relevant factors than for a vertebrate to do so (11) .
